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Abstract—Six redox-active cyclophane/crown hybrid molecules (crownophanes) were prepared via cyclization reactions involving N,N 0-
dimethyl-p-phenylenediamine and tosylated oligoethylene glycols of varying length. These new host molecules differ from other
phenylenediamine-containing crown ethers in that the electron-rich p face is designed to be part of the ligating group. Their electrochemical
properties were determined by cyclic voltammetry with a correlation found between macrocyclic architecture and ease of oxidation. The
affinity of the smaller crownophanes for cations was studied by cyclic voltammetry with the result that these hosts show no electrochemical
response to alkali metal cations, but, dependent on macrocycle size, modest selectivity for alkaline earth metal cations. This stands in contrast
to previously reported phenylenediamine-containing crown ethers in which the redox centers are linked to guest ions through a macrocyclic
amino group.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Macrocycles containing electrochemically active subunits
are of interest because of their ability both to sense bound
guest species and control the coordination environment of
the host.1 We2 and others3 have previously prepared a series
of redox-active ligands centered around the electrochemi-
cally active phenylenediamine structure. The ligands
reported to date have been referred to as ‘Wurster’s crowns’
(see Fig. 1) because they are formally derived from the
famed Wurster’s reagent (N,N,N 0,N 0-tetramethyl-p-phenyl-
enediamine or TMPD).4 In all reported examples, the
phenylenediamine moiety has been attached to a crown
ether by a single phenylenediamine nitrogen atom within
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.091

Figure 1. Representative macrocycles derived from Wurster’s reagent (N,N,N 0,N
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the macrocycle framework. Such structures preserve the
rich electrochemical properties of the phenylenediamine
subunit, thereby allowing for the sensing of bound metal
ions via the accompanying change in ligand oxidation
potential upon coordination.

Motivated by the efficient metal binding properties of the
Wurster’s crowns, we became interested in an alternate
structural motif for incorporating the electrochemically
active phenylenediamine unit into the body of a crown. In
these macrocycles, both N atoms of the phenylenediamine
moiety are now contained within the macrocyclic frame-
work to produce hybrid crown/cyclophane5 structures called
‘Wurster’s crownophanes’ (see Fig. 1). Similar to previously
Tetrahedron 61 (2005) 12350–12357
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reported redox-active crown ethers, these hosts are designed
to be electrochemically responsive to cations. However, the
mode of communication between the redox center and guest
ions in presumed endocyclic complexes should prove quite
distinct, occurring through the electron-rich p face of the
phenylenediamine moiety and not the amino group. In
addition to potential utility in electrochemical sensing
and/or switching applications, these compounds may prove
useful in probing hard cation-p interactions, a topic of
considerable recent interest due to an established signifi-
cance in controlling protein folding and enzyme-substrate
recognition.6

Related crownophanes containing the electron-rich p
systems 1,4-dialkoxybenzene7 and tetrathiafulvalene
(TTF)8 have been previously reported. In the latter case,
the reversible electrochemistry of TTF has led to their study
as electrochemical sensors for metal cations. It is worth
noting that these ligands are typically synthesized as
mixtures of Z and E isomers. Further investigation by
mass spectrometry has indicated that the Z isomer alone
participates in binding allowing for the TTF moiety to
potentially interact either through the p system, hetero-
cyclic S atoms or through distortions of the p system caused
by complex formation.

Both Staab, et al.9 and, more recently, Takemura, et al.10

have reported on the redox properties and charge transfer
complexes of Wurster-type cyclophanes containing phenyl-
enediamine subunits. In both studies, the cyclophanes
contain alkyl linkages between two p-phenylenediamine
subunits and were, therefore, not designed nor studied for
metal chelation. Interestingly, however, the length of the
alkyl spacers and their respective points of attachment on
the phenylenediamine subunits gave clear differences in the
resulting electrochemical properties of the cyclophanes with
shorter linkages giving rise to cooperative effects between
the two redox centers.

In this report, we describe the synthesis and properties of
Wurster’s crownophanes along with unanticipated larger
macrocyclic byproducts and explore their ability to complex
hard cations.
2. Results and discussion

2.1. Ligand synthesis

As shown in Scheme 1, the synthesis of macrocycles 1, 2
Scheme 1.
and 3 was accomplished using a general method that can be
extended by choice of electrophile to produce a range of
redox-active crownophanes. Specifically, N,N 0-dimethyl-p-
phenylenediamine dihydrobromide, an oligoethylene glycol
ditosylate of appropriate length (tetraethylene glycol for 1,
pentaethylene glycol for 2, hexaethylene glycol for 3), and
carbonate base were refluxed for 3 days in acetonitrile to
yield the desired ligands. Following radial chromatography
on alumina, the crownophanes were isolated in approxi-
mately 20–25% yield as light brown oils. Shorter reaction
times revealed the presence of significant amounts of
starting materials as monitored by thin layer chromato-
graphy (TLC) while longer reaction times gave no
improvement in cyclization yields. Further, the reaction
yields were largely insensitive to the choice of alkali metal
carbonate used as base. While the yields are modest, the
products can be quickly and definitively identified by TLC
analysis. N-peralkylated p-phenylenediamines, like TMPD,
oxidize upon exposure to UV light resulting in the
characteristic blue color of the radical cation. As such,
TLC analysis of successful crude reaction mixtures show
the presence of a ‘Wurster’s blue’ spot that can be attributed
to the formation of the target Wurster’s crownophane.
However, during the preparation of the anticipated products
1, 2 and 3, additional products were formed as evidenced by
the presence of a second ‘Wurster’s blue’ spot on the TLC
of each crude reaction mixture. These minor products
proved to be the larger ‘2C2’ cyclization crownophanes 4,
5, and 6, isolated from the reaction mixtures in approxi-
mately 3–5% yield. These larger macrocycles are currently
being studied for their utility in the assembly of more
intricate supramolecular structures (e.g., rotaxanes and
catenanes).
2.2. Crystallographic study of 4

Unlike the smaller crowns 1, 2 and 3, which were isolated as
thick oils, macrocycle 4 is a crystalline solid. In fact, the
crude reaction mixtures containing 1 and 4 can be separated
by recrystallization from methanol with 4 forming crystals
and 1 remaining in solution. As shown in Figure 2, 4
contains a large cavity with dimensions of 6.4 Å (from the
centroid of one aromatic ring to the other) by 14.4 Å. The
two methyl groups are positioned ‘trans’ with respect to the
phenyl moiety. Individual molecules of 4 are stacked in
the crystal lattice to give long channels throughout the
structure (Fig. 3). The closest p–p distance between
neighboring molecules (6.6 Å) rules out the possibility of
intermolecular p–p stacking.



Figure 2. X-ray crystal structure of 4 showing the atom labeling scheme.
Displacement ellipsoids are scaled to the 50% probability level with H
atoms omitted for clarity.

Figure 3. Unit cell packing diagram for 4. The view is approximately down
the a-axis. Crystallographic structures 1 are shown in ball-and-stick fashion
while crystallographic structures 2 are in wireframe display form.

Table 1. Half-wave potentials (vs Ag/AgCl, 0.1 M TEABF4, CH3CN,
100 mV/s) of TMPD and Wurster’s crownophanes 1–6

Compound E1/2 (mV) E1/2 (mV)

TMPD 124 708
1 64 677
2 70 697
3 93 709
4 132 743
5 131 753
6 128 734
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2.3. Electrochemistry

Cyclic voltammetry was used to explore the relationship
between the electrochemical properties of 1–6 and ligand
architecture. All six compounds show two reversible one-
electron oxidations, like TMPD. For the larger cyclo-
phanes 4–6, the two phenylenediamine subunits behave as
independent redox centers as might be expected con-
sidering the long aliphatic linkages between them. In fact,
Takemura, et al. demonstrated that a five carbon chain
between two p-phenylenediamine units is sufficient for the
redox centers to behave as discrete electrochemical
entities.10 As shown in Table 1, the smaller Wurster’s
crownophanes oxidize more easily than TMPD with the
effect strongest for the smallest crownophane 1. Consider-
ing the three larger cyclophanes 4, 5 and 6 oxidize at
potentials similar to that of TMPD, the facile oxidation of 1,
2 and 3 must be associated with their common intra-
molecular arrangement of a polyether fragment directly
across from the redox center. That 1 exhibits the most facile
oxidation (60 mV easier to oxidize than TMPD) indicates
that its smaller ring size positions the polyether subunit
closest to the phenyl ring and, thus, best able to stabilize the
radical cation formed upon oxidation. An alternate
explanation is that compound 1 has the most electronic
strain between the dipoles created by the ether groups and
the electron rich p system. This strain is relieved by
oxidation which allows for a favorable electrostatic
interaction between the polyether and radical cationic
phenylenediamine subunits (vide infra).

Cyclic voltammetry was also used to probe the electro-
chemical responses of 1, 2, and 3 to various hard cations.
Indeed, both aniline-11 and phenylenediamine-containing
crown ethers2a,2b,3c respond to the coordination of cations
through anodic shifts in their oxidation potentials. For the
alkali metal cations, the magnitude of the response
correlates well to complex stabilities. The electrochemical
responses of the Wurster’s crownophanes (as measured by a
shift in the first oxidation potential of the phenylenediamine
unit) after addition of 1.2 equiv of metal or ammonium salts
were analyzed. Interestingly, and in contrast to redox-active
crown ethers, the Wurster’s crownophanes show no
evidence for the binding of alkali metal ions. However the
first oxidation potential of the largest crownophane, 3, shifts
anodically in the presence of alkaline earth metal ions and
the ammonium cation (DEpa: 21 mV for Ca2C, 27 mV for
Sr2C, 54 mV for Ba2C, 21 mV for NH4

C). This is likely due
to a generally enhanced affinity of this host for cations
because of its greater number of donor atoms and, in the
former case, the larger charge density of alkaline earth metal
cations in comparison to the alkali metal cations. The
response of 3 to alkaline earth metal cations but not alkali
metal cations is notable and suggests potential application in
the selective sensing of the former. Crownophane 3 shows
the greatest electrochemical response to Ba2C with its first
oxidation potential anodically shifted 54 mV from that of
the free ligand (Fig. 4). Similar to 3, a TTF-containing
crownophane of comparable size displays a preference for
alkaline earth versus alkali metal cations.8a In this case, the
TTF host showed a 100 mV anodic shift in its first oxidation
potential in the presence of a stoichiometric amount of
Ba2C. Interestingly, however, an X-ray structure of the
TTF-crownophane complex with Ba2C shows only the
participation of the polyether subunit in coordination of
the metal cation.8a Perhaps, then, it is not surprising that
compound 3 is the only Wurster’s crownophane to



Figure 4. Cyclic voltammograms (0.1 M TEABF4, CH3CN, 100 mV/s) of
Wurster’s crownophane 3 (&), and 3 in the presence of 1.2 equiv of
Ba(OTf)2 (:).

J. W. Sibert et al. / Tetrahedron 61 (2005) 12350–12357 12353
demonstrate an ability to form complexes with hard cations
among the three ligands studied. In complexes of 3, the
second oxidation potential is unshifted relative to that of the
free crownophane (see Fig. 4, for example) indicating that
the second oxidation in the cyclic voltammogram of each
complex is, in actuality, that of the free ligand. Therefore,
the dicationic form of 3 does not support complexation with
ejection of the ion from the macrocyclic cavity presumed
upon its formation.
Figure 5. B3LYP/6-31CG* and UB3LYP/6-31-G* optimized geometries of the
compound 1. Natural atomic charges are listed beside the symmetry unique heav
2.4. Computational analysis

Proton NMR spectra of 1, 2 and 3 show a single aromatic
peak indicative of the equilibration of cis and trans
conformers in solution. Consistent with these results, gas-
phase B3LYP/6-31CG* calculations reveal that the cis and
trans conformers of 1 are very close in energy, with the
latter only 0.59 kcal/mol more stable than the former. An
analysis of each of these conformers supports the
electrochemical results that Wurster’s crownophanes should
indeed oxidize more easily than TMPD (Fig. 5) through the
intramolecular stabilization of the radical cationic form of
the phenylenediamine moiety by the polyether subunit. In
the neutral state, the dipole moment of each conformer is
oriented with the negative end directed toward the electron-
rich phenylenediamine moiety. Upon oxidation, the positive
charge of the radical cation is localized on the phenylene-
diamine portion of the Wurster’s crownophane. The calcu-
lated natural atomic charges, listed in Figure 5, become
considerably less negative, or more positive, on the phenyl-
enediamine heavy atoms (excluding the terminal methyl
groups) thereby corroborating this view. Not only does the
magnitude of the dipole moment significantly decrease
(2.532–1.131 D for the trans, 4.209 to 2.996 D for the cis),
but the direction of the dipole moment changes as well, with
the positive end residing near the phenylenediamine group.
Motivated by the ensuing stabilization of the radical cation
charge, the molecular geometry responds to this shift in the
charge distribution by decreasing the distance between the
neutral and radical cation states, respectively, of the cis and trans forms of
y atoms.
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oxygen donor groups of the crown ether and the
phenylenediamine moiety. Figure 5 illustrates how, upon
oxidation, the average X–Oave distance (where X is the
centroid of the phenyl ring) in the trans isomer decreases by
0.334 Å, while X–Oave in the cis conformer decreases by
0.480 Å. It is interesting to note that in the C2-symmetric
trans conformer, the distal X–O distance decreases more
than the proximal X–O distance (0.497 Å vs 0.253 Å), while
for the Cs-symmetric cis conformer, the proximal X–O
distance decreases more than the distal X–O distance
(0.587 Å vs 0.267 Å). That the cis conformer exhibits both
the largest DX–Oave as well as the largest discrete DX–O
helps explain the lower calculated ionization potential for it
relative to that for trans (124.7 vs 128.3 kcal/mol,
respectively).
3. Conclusion

We have established a simple synthetic procedure to the
Wurster’s crownophanes and demonstrated, both electro-
chemically and computationally, a relationship between
their structure and ease of oxidation. The general lack of
response to alkali metal cations and the modest magnitude
of the electrochemical shifts of 3 in the presence of cations
indicates that the electron-rich p face is a poor ligating
group for hard cations in polar media. As such, in contrast to
the Wurster’s crown ethers, complexes of the Wurster’s
crownophanes presumably involve little contribution from
the redox center. However, the anodic shift in the first
oxidation potential of 3 in response to alkaline earth but not
alkali metal cations is notable and demonstrates a selectivity
among the hard cations that is not observed in the alternate
Wurster’s crown ether topology.
4. Experimental

4.1. General information

All solvents and reagents were of reagent grade quality,
purchased commercially, and unless noted, used without
further purification. All reactions were carried out under dry
argon unless stated otherwise. The precursor N,N 0-dimethyl-
p-phenylenediamine dihydrobromide was synthesized in
three steps from 1,4-phenylenediamine using a modification
of the procedure of Michaelis, et al.12 As full experimental
details and characterization were not included in that report,
we provide procedures and characterization in this work. All
1H and 13C NMR spectra were recorded on a JEOL Eclipse
270 MHz NMR spectrometer in chloroform-d, acetone-d6 or
deuterium oxide (Aldrich Chemical Co.) referencing peaks
to solvent. Mass spectra were acquired by the analytical
services laboratories at Northwestern University and the
University of Texas at Austin. Preparative chromatography
columns were packed with activated neutral aluminum
oxide (w150 mesh, 58 Å surface area). Alumina (60 GF254

Neutral Type E) was used for radial chromatography
(Chromatotron, Harrison Research, Model 7924 T).

4.1.1. Synthesis of N,N 0-di-p-toluenesulfonyl-1,4-phenyl-
enediamine. A solution of NaOH (2 M, 200 mL) and 1,4-
phenylenediamine (10.0 g, 92.5 mmol) was cooled to 0 8C.
A solution of p-toluenesulfonyl chloride (38.6 g, 202 mmol)
in diethyl ether (200 mL) was added dropwise. The dark
reddish brown solution was allowed to warm to room
temperature overnight. The reaction mixture, containing a
large amount of product as precipitate, was then neutralized
with the careful addition of 1 M hydrochloric acid to
complete the precipitation process. The precipitate was
collected and washed with water. The crude product was
washed with boiling methanol, filtered and then washed
with ethyl ether to afford the desired product (38.6 g, 90%)
as a tan powder. 1H NMR (CD3COCD3): d 2.38 (s, 6H,
ArCH3), 7.05 (s, 4H, Ar), 7.32 (d, JZ8.0 Hz, 4H, Ar), 7.63
(d, JZ8.0 Hz, 4H, Ar), 8.79 (s, 2H, NH). 13C NMR
(CD3COCD3): d 21.8, 123.3, 128.3, 130.7, 135.9, 144.7. MS
(EI): m/z (%) 416 (100) [MC]. HR CI MS m/z 417.0937
[MCHC] (calcd for C20H21N2O4S2, m/z 417.0943).

4.1.2. Synthesis of N,N 0-dimethyl-N,N 0-di-p-toluene-
sulfonyl-1,4-phenylenediamine. To a 60% dispersion of
NaH in mineral oil (2.2 g) and N,N 0-di-p-toluenesulfonyl-
1,4-phenylenediamine (10.0 g, 24.0 mmol) was added
anhydrous DMF (100 mL). The reaction mixture was then
heated at 90 8C for 60 min. Upon cooling to room tem-
perature, a solution of methyl iodide (3.15 mL, 51.0 mmol)
in DMF (100 mL) was added dropwise and the reaction
stirred for 12 h. The solvent was removed in vacuo and the
resulting solids washed thoroughly with water. The crude
reaction product was washed with hot methanol and then
ether to afford the desired product as an off-white powder
(9.66 g, 90%). 1H NMR (CDCl3): d 2.41 (s, 6H, ArCH3),
3.13 (s, 6H, NCH3), 7.00 (s, 4H, Ar), 7.22 (d, JZ8.2 Hz, 4H,
Ar), 7.40 (d, JZ8.2 Hz, 4H, Ar). 13C NMR (CDCl3): d 22.1,
38.4, 127.2, 128.3, 129.9, 133.7, 140.8, 144.3. MS (FAB):
m/z 445.1 [MCHC], 467.1 [MCCNaC]. HR CI MS m/z
445.1253 [MCHC] (calcd for C22H25N2O4S2, m/z
445.1256).

4.1.3. Synthesis of N,N 0-dimethyl-p-phenylenediamine
dihydrobromide. Treatment of N,N 0-dimethyl-N,N 0-di-p-
toluenesulfonyl-1,4-phenylenediamine (15 g, 33.8 mmol)
with HBr in acetic acid (30 wt%, 225 mL) in the presence
of phenol (26 g, 276 mmol) at 90 8C for 40 h afforded a tan
precipitate. The precipitate was isolated by filtration and
washed with ether to yield a white solid (7.91 g, 79%). 1H
NMR (D2O): d 2.76 (s, 6H, NCH3), 6.57 (s, 4H, Ar). 13C
NMR (D2O): d 39.6, 126.9, 140.2. HR EI MS m/z 136.0998
[MC] (calcd for C8H12N2, m/z 136.1000).

4.1.4. Syntheses of crownophanes 1–6. The three
congeners 1, 2 and 3 were synthesized according to the
same procedure with 4, 5 and 6 being isolated, respectively,
from the same reaction mixtures. Tetraethylene, pentaethyl-
ene and hexaethylene glycol ditosylate were used to
synthesize 1, 2 and 3, respectively. The following repre-
sentative procedure is for the synthesis of 1. N,N 0-dimethyl-
p-phenylenediamine dihydrobromide (1.00 g, 3.36 mmol)
and cesium carbonate (4.88 g, 15.0 mmol) were added to
dry acetonitrile (350 mL). Following the addition of
tetraethylene glycol ditosylate (2.10 g, 4.20 mmol), the
reaction was stirred at reflux for 72 h. The solvent was then
removed in vacuo. The resulting solid was partitioned
between water and CHCl3. The organic layer was dried with
magnesium sulfate and filtered. The crude product mixture
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was purified via column chromatography (alumina, CHCl3
as eluent) followed by radial chromatography (alumina,
CHCl3 as eluent). The corresponding larger ring, ‘2C2’
cycloaddition product 4, was isolated in 5% yield as a
slower moving fraction (in comparison to 1). Mixtures
containing 1 and 4 could be separated by crystallization
from methanol with 4 forming colorless crystals and 1
remaining in solution. In the cases of the other pairs of
crownophanes (2 and 5, 3 and 6), chromatography was the
only purification method used. With the exception of 4, all
crownophanes were isolated as light brown oils. Yield of 1:
0.216 g (23%). Compound 1: 1H NMR (CDCl3): d 2.84 (s,
6H, NCH3), 3.17 (t, JZ5.2 Hz, 4H, CH2N), 3.30 (t, JZ
4.9 Hz, 4H, CH2O), 3.50 (t, JZ4.6 Hz, 4H, CH2O), 3.60 (t,
JZ4.7 Hz, 4H, CH2O), 6.81 (s, 4H, Ar). 13C NMR (CDCl3):
d 38.4, 53.6, 68.0, 69.8, 70.6, 116.6, 143.1. MS (EI): m/z (%)
294 (100) [MC], 295 (17.5) [MC1C]. HR MS (ESI, 70 eV)
m/z 294.19390 [MC] (calcd for C16H26N2O3, m/z
294.19434). Compound 2 Yield 25%. 1H NMR (CDCl3):
d 2.86 (s, 6H, NCH3), 3.42 (m, 8H, CH2N, CH2O), 3.53 (br
m, 8H, CH2O), 3.63 (t, JZ5.0 Hz, 4H, CH2O), 6.80 (s, 4H,
Ar). 13C NMR (CDCl3): d 39.2, 53.7, 68.6, 70.6, 70.8, 115.1,
141.8. MS (EI): m/z (%) 337.1 (100) [MK1C], 338.1 (17.5)
[MC]. HR MS (ESI, 70 eV) m/z 338.22111 [MC] (calcd for
C18H30N2O4, m/z 338.22056). Compound 3: Yield 21%. 1H
NMR (CDCl3): d 2.87 (s, 6H, NCH3), 3.41 (t, JZ5.6 Hz,
4H, CH2N), 3.60 (m, 20H, CH2O), 6.80 (s, 4H, Ar). 13C
NMR (CDCl3): d 39.5, 54.7, 68.8, 70.7, 70.9, 115.3, 142.5.
MS (EI): m/z (%) 382 (100) [MC], 383 (29.5) [MC1C]. HR
MS (ESI, 70 eV) m/z 382.24693 [MC] (calcd for
C20H34N2O5, m/z 382.24677). Compound 4: mp (uncor-
rected): 66–67 8C. 1H NMR (CDCl3): d 2.85 (s, 12H,
CH3N), 3.36 (m, 8H, CH2N), 3.59 (m, 24H, CH2O), 6.71 (s,
8H, Ar). 13C NMR (CDCl3): d 39.4, 53.6, 68.5, 70.5, 114.8,
142.0. MS (ESI): m/z (%) 588.38 (100) [MC], 589.39 (37.5)
[MC1C], 590.39 (8.1) [MC2C]. HR MS (ESI, 70 eV) m/z
588.39053 [MC] (calcd for C32H52N4O6, m/z 588.38867).
Compound 5: Yield 3%. 1H NMR (CDCl3): d 2.85 (s, 12H,
CH3N), 3.39 (m, 8H, CH2N), 3.61 (m, 32H, CH2O), 6.68
(s, 8H, Ar). 13C NMR (CDCl3): d 39.6, 53.8, 68.7, 70.6,
115.1, 142.2. MS (EI): m/z (%) 676 (100) [MC], 677 (41)
[MC1C]. HR MS (ESI, 70 eV) m/z 676.44241 [MC] (calcd
for C36H60N4O8, m/z 676.44110). Compound 6: Yield 3%.
1H NMR (CDCl3): d 2.87 (s, 12H, CH3N), 3.40 (br, 8H,
CH2N), 3.61 (m, 40H, CH2O), 6.73 (s, 8H, Ar). 13C NMR
(CDCl3): d 39.8, 53.8, 68.6, 70.6, 115.1, 142.2. MS (EI): m/z
(%) 764.3 (100) [MC], 765.3 (59) [MC1C]. HR MS (ESI,
70 eV) m/z 764.4931 (calcd for C40H68O10N4, m/z
764.4930).

4.2. Computational methods

Full-gradient geometry optimizations13 were performed in
redundant internal coordinates14 with ab initio DFT
methods. Becke’s three-parameter hybrid exchange
functional (B3)15 was used in conjunction with the Lee–
Yang–Parr correlation functional (LYP)16 and a 6-31CG*
basis.17 Previous studies have demonstrated that a careful
application of theory is required to accurately model the
hybridization of the amine groups and their orientation with
respect to the plane of the phenyl ring in the electron rich
phenylenediamine moiety.18,19 In this context, the B3LYP/
6-31CG* and UB3LYP/6-31CG* methods should be
reliable for the evaluation of the neutral and radical cation
forms of the Wurster’s crownophanes, respectively. Atomic
charges were calculated by the natural population analysis
(NPA)/natural bond orbital (NBO) method.20 All calcu-
lations were performed with either the G9421 or G9822

program suite.

4.3. Cyclic voltammetry

Tetraethylammonium tetrafluoroborate (TEABF4) was pur-
chased as electrochemical grade from Acros and was not
purified further. Acetonitrile (low water 99.9C% grade,
Burdick and Jackson) was distilled from CaH2. Electro-
chemical experiments were performed using a BAS CV-
50W Voltammetric Analyzer (Bioanalytical Systems, Inc.).
The electrochemical system was comprised of a platinum
working electrode, a Ag/AgCl reference electrode and a
platinum wire auxiliary electrode. Acetonitrile solutions
(containing 0.1 M TEABF4 electrolyte and 1.0–1.5 mM
ligand) were placed in an electrochemical cell and purged
with dry N2. For cation binding experiments, 1.2 equiv of
salt were used. The salts used were LiBF4, NaClO4$H2O,
KPF6, RbClO4, CsClO4, Mg(ClO4)2, Ca(ClO4)2, Sr(ClO4)2,
Ba(OTf)2, and NH4PF6. Rubidium, cesium, and all alkaline
earth salts were stirred for 1 h prior to obtaining a volt-
ammogram; all others were stirred 5 min or until no further
change in oxidation potential was observed.

4.4. X-ray experimental for 4

Crystals were grown from a methanolic solution of 4. The
data crystal was cut from a larger crystal and had approxi-
mate dimensions of 0.31!0.31!0.25 mm. The data were
collected on a Nonius Kappa CCD diffractometer using a
graphite monochromator with Mo Ka radiation (lZ
0.71073 Å). A total of 538 frames of data were collected
using u-scans with a scan range of 18 and a counting time of
27 s per frame. The data were collected at 153 K using an
Oxford Cryostream low temperature device. Details of
crystal data, data collection and structure refinement are
listed in Table 2. Data reduction were performed using
DENZO-SMN.23 The structure was solved by direct
methods using SIR9724 and refined by full-matrix least-
squares on F2 with anisotropic displacement parameters for
the non-H atoms using SHELXL-97.25 The hydrogen atoms
on carbon were calculated in ideal positions with isotropic
displacement parameters set to 1.2!Ueq of the attached
atom (1.5!Ueq for methyl hydrogen atoms).

There are two crystallographically independent molecules
per asymmetric unit. Each molecule lies around a different
crystallographic inversion center. Molecule 1, composed of
non-H atoms labeled O1 to C21, resides around an inversion
center at 0, 1, 1/2. Molecule 2, composed of non-H atoms
labeled O22–C42, resides around an inversion center at 1, 1,
0. The function, Sw(jFoj

2–jFcj2)2, was minimized, where
wZ1/[(s(Fo))2C(0.0787!P)2C(0.9425!P)] and PZ
(jFoj

2C2jFcj
2)/3. Rw(F2) was refined to 0.177, with R(F)

equal to 0.0587 and a goodness of fit, SZ1.01. Definitions
used for calculating R(F), Rw(F2) and S are given below.26

The data were corrected for secondary extinction effects.
The correction takes the form: FcorrZkFc/[1C(7(2)!10K6)!
Fc

2 l3/(sin 2q)]0.25 where k is the overall scale factor. Neutral



Table 2. Crystallographic data for compound 4

Empirical formula C32H52N4O6

Formula weight 588.78

Temperature 153(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group PK1
Unit cell dimensions aZ9.7927(1) Å, aZ69.800(1)8

bZ11.5821(2) Å, bZ74.668(1)8
cZ16.1542(2) Å, gZ69.689(1)8

Volume 1590.70(4) Å3

Z 2
Density (calculated) 1.229 mg/m3

Absorption coefficient 0.085 mmK1

F(000) 640
Crystal size 0.35!0.31!0.25 mm3

Theta range for data collection 2.97–27.498
Index ranges K9%h%12, K12%k%15,

K19%l%20
Reflections collected 11,329
Independent reflections 7279 [R(int)Z0.0246]
Completeness to thetaZ27.498 99.7%
Absorption correction None
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 7279/0/380
Goodness-of-fit on F2 1.012
Final R indices [IO2s(I)] R1Z0.0587, wR2Z0.1503
R indices (all data) R1Z0.1135, wR2Z0.1773
Extinction coefficient 7.2(17)!10K6

Largest diff. peak and hole 0.538 and K0.460 e ÅK3

J. W. Sibert et al. / Tetrahedron 61 (2005) 12350–1235712356
atom scattering factors and values used to calculate the
linear absorption coefficient are from the International
Tables for X-ray Crystallography (1992).27 All figures were
generated using SHELXTL/PC.28 Crystallographic data
(excluding structure factors) for the structure in this paper
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication number CCDC
274269. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [fax: C44 1233 336033 or e-mail: deposit@ccdc.
cam.ac.uk].
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